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ABSTRACT

Electron micrographs of sections of mating pairs of bac-
teria that were arranged flat and parallel to the plane of
slicing allowed us to observe a statistically significant
number of conjugational junctions. These are specific for
the F-mediated contacts and are not found in contacts be-
tween the same strains but lacking the F-plasmid. The conju-
gational junction is already found in mutants in which the
DNA-transfer is inhibited. Upon transfer no visible modifi-
cation of the junction occurs. Serial sections and tilt ex-
periments exclude a plasma bridge with membrane fusions. The
techniques used do not allow to observe eventually occurring

pores of a size estimated to be below some 20 nm.



INTRODUCTION

Visualisation in the electron microscope of conjugating
bacteria by thin sections is associated with statistical and
technical problems. In a conjugation mixture at any given
moment, only one to ten out of a thousand mating pairs are
actually transfering DNA. In addition, they are randomly
oriented in space, so that the chance 1is very low to see a
real contact in a conventionally made thin section. The
above consideration, paired with the relatively poor struc-
tural preservation of membranes with conventional procedures
led to controversial observations in the past. Gross and
Caro (1966) found that mating pairs had - in their nomen-
clature - a "bridge of about 0.1 um in diameter of the two
cell walls in a close juxtaposition". In text books fre-
quently "real fusions" between the cytoplasms of two cells
were given as representing conjugation. By the fusion tube,
cells were kept at a distance of some 1000 A. Schreil and
Christensen (1968) found "conjugation bubbles" between donor
and recipient cells. Under the light microscope Ou and An-
derson (1970) separated individual mating pairs with a mi-
cromanipulator and observed them during mating. Some cells,
according to the observations of these authors, were never
in close wall to wall contact during mating, but supposed to
be connected by pili and in fixed relative positions. After
30 min the recipients could be separated and analysed as Fr
transconjugants. This result raised the model of DNA trans-

fer through the lumen of pili (Brinton, 1971).
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Curtis (1969) and Marvin and Hohn (1969) proposed that
F-pi1li act as contact mediators between donor and recipient
and are pulling the cells together by retraction. Achtman et
al. (1971) started intensive genetic studies on the involve-
ment of the single F-plasmid coded genes in the conjuga-
tional DNA transfer in E. coli. The results out of it have
recently been reviewed by Willets and Wilkins (1984) and by
Ippen-Ihler and Minkley (1986). Genetic data suggest that
conjugation is proceeding through an ordered series of func-
tional steps, each based on the expression of specific tra
genes. Mutants in tra A, L, E, K, B, V, W, C, U, F, H and 1in
one moiety of G do not produce pili and conjugate with high-
ly reduced frequency. Donor mutants in tra N or in the other
moiety of tra G and recipient mutants in ompA form shear
sensitive (unstable) mating pairs that transfer DNA with re-
duced frequency. Mutants 1in tra M, D, I, Z are piliated and
form shear resistant (stable) mating pairs that are defi-
cient in the DNA transfer associated metabolism. As a con-
sequence of these genetic studies, a sequential model mecha-
nism for DNA transfer has been proposed by Willets (1980)
that contained a step of stable wall to wall contacts and is
consistent with most data available.

In a more recent review by Willets and Wilkins (1984) an
improved version of the model for DNA transfer was published
that now accounts for all genetic data. It assumes a plasma
bridge with a fusion of inner and outer membrane between the

mating partners and tra D protein as a pore former. Panicker
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and Minkley (1985) demonstrated that the step of stabilised
wall to wall contact 1s a defined intermediate in conjuga-
tional DNA-transfer.

Our approach consisted in designing exper iments such
that the number of conjugational contacts was so high that
the observable number on micrographs was statistically sig-
nificant and not only a rarely occurring situation. To
achieve this goal, we deposited preformed mating pairs flat
on an agar surface. Donor and recipient cells were morpho-
logically different so as to enable the distinction of only
parental pairs. We chose adequate mutants to achieve that
more than 50% of the parental cells were associated in
pairs. We used a donor mutant which was arrested in DNA
transfer, so as to observe the contacts before DNA-transfer
was initiated. In another parental combination we were able
to produce pairs of which 60% were in the process of trans-
ferring DNA. These statistically sufficiently high numbers
allowed us to observe a very large proportion of mating
pairs which showed the specific conjugational junctions. On
single micrographs it was possible to see several such junc-

tions.
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MATERIALS AND METHODS

Materials
M3 minimal medium was made by mixing 100 ml salt mix-

ture, 100 ml 4% glucose, 10 ml 0.01 M CaCl 10 ml 0.1 M

2'
MgSO4, 0.2 ml ferric citrate solution with 780 ml HZO’ Salt

mixture 1s 393 mM NazHPO4 2O, 220 mM KH2P04,

and 187 mM NH4C1. M9 plates were made by adding 15 g Bacto

.2H 86 mM NacCl
agar Difco. The selective plates for hfr mapping were sup-
plemented after autoclaving with 1 ml/1 of a sterile-fil-
tered 20% solution of the amino acids of interest. Tryptone
broth contains 10 g Bacto tryptone Difco and 5 g Nacl in one
1. HZO' For Tryptone top (or soft) Agar 7 g per liter Bacto
agar Difco were added. Filtration agar plates contain 10 g
Bacto tryptone Difco, 5 g NaCl and 15 g ash-free Nobel agar
in 1333 ml H20. The medium is autoclaved and 30 ml were
poured in petri dishes (0O 90 mm). Plates were left at room
temper ature until the medium had lost 30% of its initial
weight by evaporation (up to ten days). Plates prepared this
way were able to suck up 5 ml Tryptone broth in 30 to 60
minutes.

McConkey lac plates contain 20 g peptone, 1.5 g bile
salt (Bacto No. 3), 5 g NaCl, 13.5 g Bacto agar Difco and 7
ml 1% neutral red solution (Bacto) in 993 ml HZO' After
autoclaving 30 ml of the above solution were poured in petri
dishes (O 90 mm). Selective media were prepared by adding
either 30 pg/ml spectinomycin or 10 pg/ml streptomycin or 30

Hg/ml kanamycin to the liquid media before pouring.



Strains and plasmids

The straxins used are listed in Table I. All strains and
plasmids marked with JC were from the collection of Achtman
et al. (1971). The E. coli C122 is from the British Culture
Collection and has been chosen for electron microscopical
exper iments because of its ovoid form and its peripheral
fragmented nuclear region which was different from the nor-
mal aspect of nuclear material (Lieb et al., 1954; Gros and
Caro, 1966). A lac derivative has been made by UV light in-
duced mut agenesis. Hfrl has been constructed as shown in
flow chart I. From ten transfering constructs the best was
selected, named Hfrl and mapped by mating with AB1157:pBR325
(Howard and Theriot, 1966) and separate marker transfer aﬁa-

lysis.

Mat ings for efficiency determination

Donor and recipient cultures were grown in 10 ml trypton
broth on a rotating wheel for aeration at the temperature
needed to a cell density of 4 x 108 per ml. 1 ml of donor
and recipient each were mixed in a prewarmed 250 ml Erlen-
mayer flask. The mixtures were incubated without shaking 1in
a thermostatised chamber. Every 15 minutes an aligquot of
0.05 ml was taken, diluted 100x and heavily vortexed for 60
seconds. The samples were further diluted in phosphate buf-
fer and analysed: a) for recombinant recipients having re-
cieved the lac marker, b) with an antibiotic selective for
donors and c) for prototroph recombinant recipients. The
total titer was determined on nonselective McConkey lac

plates.



Preparing monolayers

Donor and reciplient bacteria were grown in 10 ml tryp-
tone broth on a rotating wheel at the temperature needed to
a cell density of 4 x 108/ml. 2.5 ml of each were mixed 1in a
prewarmed Erlenmayer flask and then poured on a prewarmed
30% predried filtration agar plate (initial volume 30 ml, 90
mm diameter) carrying a paper disc prepared as shown in Fig.
1. The cigarette paper disc (Job No. 8075, diameter 6 mm)
had been immersed into hot tryptone top agar (90°C) and im-
mediately placed on the surface of the filtration agar plate
to get a thin and flat agar surface. After 30 min incubation
with the mating mixture, the liquid was sucked up into the
plates. Matings with Hfrl as donor were further incubated
at 30°C up to 150 min. Matings with JC6296 as donor were
further incubated at 37°C up to 90 min. The density and
quality of the monolayer was checked from identically pre-

pared plates in the phase contrast light microscope.

Cryofixation and embedding

The specimen on 1its support was mounted in tweezers and
immersed into liquid propane at -190°C with a speed of 4m/
sec over a distance of 70 mm. After a short storage in li-
quid nitrogen, the specimen was placed for 64 h at -90°C in
a substitution medium containing 1% OsO4 in acetone 1in pre-
sence of molecular sieve to adsorb water completely (0.4 nm
per 1form; Merck). The temperature was raised stepwise and
the sample was embedded in Epon as described by Hobot et al.
(1984). For polymerisation samples were put with the mono-

layer side down onto the flat bottom of polyethen capsules
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(Balzers Union No. 05066). Polymerised like that, the mono-
layer 1s preoriented for horizontal sectioning in a micro-
tome. If it has to be sectioned vertically, the monoclayer
was cut out with a saw and glued on an aluminium rod with an
angle of 90° in a special device. Thin sections were cut
with a diamond knife on an LKB Ultramicrotome III, stained
with 4% aqueous uranyl acetate and lead citrate (Reynolds,
1963). Sections were examined in a Philips 300 electron

microscope at 80 kV.



RESULTS

Transfer efficiencies in 1l:1 mating mixtures

For looking at monolayers of conjugating bacteria in the
electron microscope it is necessary to mix donor and reci-
pient each in equal proportions. The kinetics of the differ-
ent 1:1 mixtures used for electron microscopy was followed
to establish conditions where electron micrographs could
show more than 50% of the expected mating specific contacts.
As recipient, the ovoid Cl22 strain (with peripheral "frag-
mented" nucleoid) was used (Lieb et al., 1955) because it
can be distinguished from the rod shaped donors in the elec-
tron microscope. Cl122 has a normal amount of ompA, as was
determined by SDS-polyacrylamid gel electrophoresis. It has
also heptose containing LPS, as was determined by specific
phage adsorption tests (Manoil & Rosenbusch, 1982). The ki-
netics of lac transfer of 1:1 mating mixtures between dif-
ferent donors and Cl22- are shown in Fig. 2. The number of
lac recombinants was determined by selecting for recipients
(spcR) and for lac marker transfer on McConkey lac plates
containing 30 pug/ml spectinomycin. The transfer blocked mu-
tant in the tral protein could, as expected, not transfer
the lac marker. In the light microscope an irreversible,
shear resistant association of bacteria could be observed.
The same donor bacterium, but this time containing a wild-
type F lac plasmid (JC3272F), reached after 90 min about 70%
of successful lac transfer. A l1:1 mating mixture between the
sex factorless JC3272 and Cl22- was also not able to trans-

fer the lac marker (control) and did not aggregate. With a
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tr ansfer blocked tral mutant it was therefore possible to
accumul ate stable wall to wall contacts between as much as
70% of the bacteria present after 90 min of incubation.

For providing another sample for electron microscopy,
where more than 50% of the observed bacteria present were
actually transfering DNA, the construction of a hfr strain
was necessary. As plasmid to be inserted into the E. coli

chromosome, JCFL39 (traDts

) was chosen. This F-plasmid 1in
JC3272 (i.e. JC6140) was used by Panicker and Minkley (1985)
to demonstrate that DNA transfer occurs during cell surface
contact stage by temperature shift experiments. The basic
strain JC3272 has a defect in the DNA repailr systems res-
ponsible for hfr insertion (C. Manoil, pers. comm.) that
makes it an ideal host for stable maintenance of chromosome
independent F-plasmids.

To be able to induce an hfr-formation between JCFL39 and
the bacterial chromosome, the JCFL39 was introduced into the
strain WA3110 lac . Hfr inserts were selected as described
in Materials and Methods. The selected hfr were then recom-
bined by mating to JC3272 in order to have genetic proper-
ties of both strains WA3110 lac (prototrophy) and JC3272
(strAR, independent maintenance). The clones were tested for
possessing a complete bacterial chromosome with an inserted
complete F-plasmid by their ability to be able to transfer
all selectable markers more than once. One of them (Hfrl)
was chosen and mapped by hfr mapping with AB1157:: pBR325.
The mapping 1is shown in Fig. 3a. The JCFL39-plasmid has been
inserted between 0' and 1.7' on the standard E. coli K12 map

(Fig. 3b). Lac positive recipients collected 30 min after
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start of mating were not able to transfer this marker 1in
further matings. Lac positive recipients collected 240 min
after start of mating were able to transfer lac in further
matings. Therefore the transfer starts at oriT and the DNA
is transferred in the following order: First F-plasmid coded
lac, then the bacterial chromosome starting with leucine and
at the end the rest of the F-plasmid containing the tra-
functions (Fig. 3b). The plasmid is most probably 1inserted
into the chromosome via the Yy& sequence or one of the IS-
elements coding between 0 and 20 kb on the F-plasmid. The
insertion locus is very near to that of hfrH.

In a 1:1 mating of Hfrl with JC5484 at 30°C the kinetics
of the lac marker transfer (representing an early marker) of
the number of prototroph recombinants (representing late
markers) and the ratio of donor to recipient were followed
(Fig. 4). From these data we calculate that after 150 min of
incubation, about 60% of the bacteria present (lac+ recombi-
nants minus prototroph recombinants) are at the state of
transfering DNA from donor to recipient. The initiation of
transfer and the DNA transfer itself is slower with the
tr apts mut ant at the permissive temperature of 30°C than
with the wildtype plasmid as can be seen in Fig. 2. when the
tr ansfer curve of Hfrl x Cl122 ::pBR325 is compared with the
curve for JC3272F x C122 . All transfer efficiencies were
determined in nonagitated liquid cultures. Even higher effi-
clencies can be expected if mating pairs had been collected
as a monolayer on an agar surface because they are not at

all exposed to hydrodynamic forces.
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Temper ature shift exper iments have been considered to be
applied on stable mating pairs collected at nonpermissive
temperatures and then to initiate transfer by a shift to
permissive temper ature. The exper iments showed that the re-
activation of the traD function took more than four hours;
meanwhile the ratio of donor to recipient was increasing

drastically because of unequal growth rates.

Electron microscopy of mating pairs

Three samples have been chosen for demonstrating dif-
ferent types of cell to cell contacts in thin sections.
First a sex-factorless mating between JC3272 and Cl22  after
90 min at 37°C (Fig. 5a, control), second a tral transfer
blocked mating between JC6296 and Cl122  after 90 min at 37°C
(Fig. 5b) and third a prolongued mating between Hfrl and
C122  after 150 min at 30°C (Fig. 5c). Horizontal thin sec-
tions through a monolayer of bacteria always show longitudi-
nally cut bacteria, because the axis of the rods is posi-
tioned parallel to the agar surface (see Materials and Me-
thods) . During incubation on the agar surface before cryo-
fixation the bacteria are still growing exponentially. Under
these conditions, Cl22 is no more ovoid but has a rod-1like
appearance. The peripheral "fragmented" nucleoid (defined as
riboscme free space, Hobot et al., 1985) is still visible.
In average the rods of Cl122 have a larger diameter and they
contain starch granula. The donor strain JC3272 and its
derivatives show a cleft, but confined shape of the nucleoid
(Hobot et al., 1985). In these preparations, three morpho-

logically distinct types of contacts are found, which are:
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1) septates of dividing bacteria; they are found in all
three preparations (in Fig. 5 they are marked as A); 11)
yuxt apositions of membranes apparently without interaction;
they are found in all three preparations (in Fig. 5 they are
marked as B); 1i1) conjugation specific contacts; they are
found in transfer -blocked preparations and transfering pre-
parations exclusively (in Fig. 5 they are marked as C). A
statistical evaluation of these contacts 1is given in table
II. The conjugation specific contacts are characteristic by
the presence of an electron dense (dark) line in between the
outer membranes of the conjugating partners. No fusions or
visible gaps could be found in serial sections spanning the
contact area from top to bottom (Fig. 6). Since sections
have a thickness of about 60 nm, smaller structures could be
hidden inside or small structures could be masked by super-
position. To explore these possibilities, tilt series from
-60° to +60° along a horizontal axis positioned within the
contact area have been carefully examined. No particular,
characteristically defined substructures are found. Figure 7
is a stereopair of micrographs in tilt angles of + 20°. Sub-
structures in conjugation contacts that are related to the
DNA transfer must be smaller than the resolution of about

50 A achieved in the thin sections presented.
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DISCUSSION

The stereopictures of contact of DNA transferring pairs
(Fig. 7) might be interpreted as shown in the scheme of Fig.
8. Without any doubt, the outer membranes of the two part-
ners are connected in a very tight way. This zone of contact
1s strongly stained suggesting the presence of a proteinous,
glue-like substance in between the two outer membranes. In-
deed, the thickness of the contact area is more than twice
that of an outer membrane. Throughout the whole contact area
no fusion between the inner membranes of the donor and the
recipient are visible. In donor as well as in recipient
cells there are molecules visible that have a globular do-
main in the inner membrane and extend a fibrillar domain
into the periplasmic gel, but no continuous channel-like
structure exists that connects the inner membrane of the
donor cell with the inner membrane of the recipient cell.
The amount of these structures is about the same in donors
and recipient cells. The inner membrane of the donor 1s not
distinguishable by any visible detail from the inner mem-
br ane of the recipient. From the aspect on micrographs, we
defined the conjugation specific contacts as conjugational
junctions. Since DNA is passing through these junctions, a
multi elemental mechanism for the DNA-transfer with dimen-
sions smaller than 50 A has to be supposed.

The membranes of the two partners involved in the con-
jugation have a completely different set of conjugation
specific proteins. The donor has all the proteins that are

encoded on the F-plasmid. TraA,L,E,K,B,V,C,W,U,F,Q,H,G are
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involved in pill expression, traN and G are responsible for
stabilisation of wall to wall contacts, traS and T provide
the surface exclusion functions and oriT, traM,Y,D,I1,Z are
responsible for triggering or DNA metabolism during transfer
(Ippen-Ihler & Minkley, 1986). The intracellular location
(IM, OM or cytoplasm) of these proteins was determined by
biochemical methods, but does not allow a definition of
their precise function.

The only factors needed for the recipient to be an effi-
client partner are ompA and a heptose containing lipopoly-
sacchar ide in the outer membrane (Manoil & Rosenbusch, 1982).
Probably some further indispensable factors are needed 1in
the recipient to enable DNA-transfer that have not yet been
tested (e.g. sugar uptake systems: see later in Discussion).
The possibility that proteins are exported from the donor
into the recipient during mating has been proposed, but was
never substantiated by convincing exper iments.

We define the outer membrane plus the peptidoglycan
layer as bacterial cell wall. According to our pictures, the
conjugation specific junctions are intensive contacts be-
tween the cell walls of donor and recipient. When the curves
for prototrophy and lac-transfer in Fig. 4 are compared at
t = 150 min, 6 among 10 conjugation specific junctions (%
lac-transfer - % prototrophs) between bacteria in the mix-
ture of Hfrl x Cl22 should actually transfer DNA. Therefore,
the probability is high that what we see are active junc-
tions. Previous exper iments that were done with undefined
cultures and without orientation into a monolayer result in

a probability which 1s below any realistic number (Gross &
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Caro, 1966; Schreil & Christensen, 1968). The three types
(Fig. 5, Table II) of interbacterial contacts had indeed
never been shown before. The contacts of the type C are
clearly related to conjugation. The thickness of a thin sec-
tion ( 700 A) cannot show the total area of the conjugation
specific junction. Therefore serial sections have been made
and the junctions were screened throughout for more details,
but they had a uniform aspect. There is no visible differ-
ence between the junctions of arrested and DNA-transferring
matings, therefore the components of the transfer mechanism
must be smaller than what can be observed by thin sections
in electron micrographs. Pili are too small structures ( 20
A internal tube diameter) to be seen in such sections (Folk-
hard et al., 1979) and we cannot exclude the hypothesis that
remains of pili do form a pore reaching from the inner mem-
br ane of the donor to the inner membrane of the recipient.
Our data confirm the models formulated about the mecha-
nism of bacterial conjugation publ ished earlier in reviews
(Willets & Wilkins, 1984; Willets & Skurray, 1980). In the
proposed models, the DNA is transferred by the help of plas-
ma bridge resulting from a fusion of the inner and outer
membranes of the two partners. We cannot support this part
of the working hypothesis, therefore we try to refine the
existing mechanism for the DNA transfer to make it also con-
sistent with our new electron microscopic data. TraD may
form a porelike structure reaching through the inner mem-
brane and the cell wall of the donor. The DNA is driven by a
probably membrane bound helicase (tral protein) through the

pore formed by traD (Willets & Wilkins, 1984) into the peri-
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plasmic gel of the recipient. In the recipient there is no
F-plasmid coded protein in the inner membrane such as trabD.
In this detail the uptake mechanism has to be different from
the one proposed (Willets & Wilkins, 1984). A conceivable
mechanism would be a similar uptake of the DNA into the re-
cipient like the infection of bacteriophage A (Scandella &
Arber, 1974, 1976; Elliot & Arber, 1978; Erni et al., 1987),
where DNA is injected into the periplasmic gel and then
transported through the inner membrane by the sugar uptake
system for manose (ptsM). In analogy, any pore-former con-
nected with the metabolism of nutrients could be "missused"
in conjugation for DNA uptake. Such a principle has probably
not yet been detected because these metabolic systems are
ubiquitous. However, there are some hints in literature that
sugar metabolism is important for conjugation, e.g. the up-
take of RNA during R17 infection is pili mediated and depen-
dent on the sugar source on which the bacteria had been
grown (O'Callaghan et al., 1973; Danziger & Paranchych,
1978). The uptake of RNA grown on glucose (ptsG expressed)
could not be prevented by sugar analogue inhibitors as 1it
was possible for bacteria grown on glycerol. It might also
be possible that DNA is taken up into the recipient during
conjugation through ion transport systems. Increased concen-
trations of Na® or K' in the medium during conjugation faci-
litate the mating efficiencies (Singelton, 1983).

It has been shown already that the whole mechanism of
conjugation goes through a series of defined intermediary
stages. In all recently presented models (Willets & Skurray,

1980; Panicker & Minkley, 1985), the role of pili is clearly
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the mediation of contact between donor and recipient and the
DNA tr ansfer is performed at the state of stabilised wall to
wall contact. The hypothesis that DNA is transferred through
remains of pili is highly improbable since traD mutants do
not transfer DNA and stabilised mating pairs are accumulat-
ed. Mating pairs in stabilised wall to wall contact can be
collected by a traDts mut ant at non permissive temperature
and freed of pili by SDS treatment. After the stable mating
pairs were shifted to the permissive temperature, where traD
is functional, they were able to transfer DNA (Panicker &
Minkley, 1985). Therefore, the pilus seems to be the organ
that provides the first contact between extended pailrs and
mediates closer contact by retraction (a mechanism that 1is
not yet fully understood). In addition, the pilus has possi-
bly the function of transmitting somehow a signal through
the inside after successful contact formation which might

tr igger the DNA transfer metabolism (Brinton, 1974; Datte et
al., 1977; Helmuth & Achtman, 1978; Frost et al., 1984 and
L. Frost., pers. comm.). To be able to perform these func-
tions the tip and the base of pili seem to be composed of
different proteins than pilin (Frost et al., 1986; Worobec
et al., 1986). The protein sitting at the base of pili is
suspected to be traM which 1s involved in triggering the DNA
met abolism (Achtman et al., 1971; Willets & Wilkins, 1984).
The conjugation specific junctions that were shown in this
paper and the DNA transfer seems to be the result of an

or dered cascade of requlatory steps that are as yet only

poorly understood.
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We have drawn a mechanism for bacterial conjugation
(Fig. 9) that is a refinement of the models presented by
Willets & Wilkins (1980) and by Panicker & Minkley (1985)

contalining the improvements deduced from micrographs of

conjugational junctions.
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CHART 1
30°C
JC 6140 X WA311l0 lac
auxot roph protot roph
dilution into M9 minimal only WA3110 lac
e e
liquid cul ture can grow
red clones are selection by plating on
- ———
WA3110 lac JCFL39 McConkey lac plates
sever al successive liquid potential 30°C
cultures at 40.5°C; at 30°C hfrWwA3110 lac X JC3272
short UV irradiation with —————» JCFL39
light repair for potential pr ototroph auxotroph

hfr formation

recanbinants growing are dilute into M9 minimal
prototroph from WA3110 lac —«————

from JC3272

liquid culture + strepto-
and strR mycin and incubate over-

night at 30°C

plate on McConkey lactstr transferability selection
Hfrl x JC5484

30°C

for red colonies

mapping
Hfrl x AB1157 pBR325
30°C
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TABLE I

Strain  Markers For F'plasmid arigin
JC3272 his,trp,lys,tsx
gal,malA’,lac X74 stra® - Achtman et al. (1971)
X5484 his, trp,ton, tsx
lac X74, spct - Achtman et al. (1971)
X626 derivative of IC3272 ICF14l:lac, tral Achtman et al. (1971)
JC6140 derivative of IC3272 ICFL39:1lac, traDts Achtman et al. (1971)
Hfrl derivative WA3110}ac™ ICFL39:lac, traDts incor- Construct WA31ll3lac™
(K12} crossed with IC3272 porated between 0' and fram W. Arber's collec-
1.7' on E. coli std map tion {Biocenter UNI Basel)
JC3272F  derivative of IC3272 F42 lacI3:lac, Kam' Construct by mating
c122 ret,arg, try, ade - British culture callectian
cl22” derivative of C122
- R
lac spc - Construct by UV mutagene—
sis and selection on spc
plates.
ABl1157:: derivative of ABl1157 Construct by transfoma-
PER325  AmpR Tet® cank

tion of ABl157 (Howard

and Theriot, 1966).
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TABLE 1T
Kinds of contacts between bacteria (N = 100) in monolayers.
Mono layer Septate Inactive Conjugation

formation yuxtapositions spec. junctions

A B C
JC3272 x Cl22 18 106 0
JC6296 x Cl22 12 84 71

Hfrl x Cl22 11 44 70
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% lac recombinants
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60 4 JC3272FxC122-
JC3272xC122-
JC6296xC122-
40 - Hfr1xC122-::pBR325
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0 100 200 300 time (min.)

Fig.2: The kinetics of lac-transfer of the different 1:1 mating
mixtures are plotted. JC 3272 (no F-plasmid) and JC 6296 (tra I
mutant) are unable to transfer the F-plasmid coded lac marker. JC
3272F mixed with C122- is referred to as standard. The Hfr 1
mixed with C122- shows a delayed marker transfer due to the ts-
modification in tra D.
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Fig.3: A physiological map of Hfr 1 was made to show where JC FL
39 is integrated into the bacterial genome. 1In (a) the kinetics
of the transfer of the different markers by Hfr 1 into AB 1157 is
plotted. A linear map based on the information from (a) is drawn
in (b). The position of ori T and the direction of transfer was
determined by the finding that only AB 1157 recombinants that
have received the thr marker were able to act as donors in
further matings.
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Hfr1xJC5484 Mating

% recombinants
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Fig.4: The kinetics of the early transferred lac marker and the
full prototrophy (representing a late marker) in a 1:1 mating
mixture between Hfr 1 and JC 5484 is plotted. The donor to
recipient ratio was maintained constant during the time
monitored, because the two strains have a very similar growth
rate.



Fig.5: Micrographs of horizontally sectioned monolayers of JC3272
(no F-plasmid) mixed with C122- (a), JC6296 mixed with C122- (b)
and Hfr 1 mixed with C122-. 1In the control mating without F-
plasmid (a) there are only septate formations (marked with A) and
inactive iuxtapositions (marked with B) between bacteria visible.
The ’‘transfer blocked mating (b) and the actively transferring
mating (c) show in addition conjugational junctions (marked with
C). A statistical evaluation is given 1in table 2.
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Serial thin section through conjugation specific junctions

Fig.6:

i1s a horizontally sectioned serie and (f)
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e

to (

(a)

(i) a vertically sectioned serie of Hfr 1 mixed

are.shown.
There

to

c122-.

with

are no cytoplasmic bridges nor any pores visible over

the

whole range of the junctions.



Fig.7: Stereo effect micrograph of a mating between Hfr 1 and
Cl122-. Tilt angles are -7°on the left half and +7° on the right
half. The zero position was chosen as 90° to the sections surface
plane. The depth is about the middle of of the conjugational
junctions (third section from the top of the Jjunction). The
should be loocked at with a stereo viewer. ALso with this
technique no cytoplasmic bridge or pore was visible throughout
the whole conjugational junction.



By, SATE

&

]

fo

Fig.8: Shows a closeup of a conjugational junction between Hfr 1
and Cl22-. From several similar micrographs we deduced the
information for the model drawing in the lower half of the
figure.
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Conjugational mechanism

-SDS sensitive
-Blocked by surface

exclusion proteins -Needs ompA,LPS

%:m" s e 4™
C C_ 9

tra expression

-Blocked -induced by signalling
by traD DNA PILUS through inside of pilus
mutant -Signal reception triggers
-Nal TRANSFER RETRACTION DNA metabolism
sensitive -Blocked by traM and traS
mutants

STABILISATION

) —C3

-Blocked by
traT mutant

Fig.9: We have drawn a refined version of of the conjugational
mechanism of Willets and Wilkins that contains the new
information about conjugational junctions.
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